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1. Introduction 


According to the generally accepted classification, a large part of the aquatic environ- 
ment of the Amazon is placed in the category of black water on the basis of physico-chemi- 
cal characteristics (SIOLI 1950, 1965, 1968 and others). For many reasons, conditions in 
black water are typically such that they are unfavourable for submerged plants and there- 
fore also for phytoplankton, for example the very low pH, the extremely low and often 
imbalanced nutrient composition, and insufficient light in terms of both total transmission 
and spectral composition. These properties of Amazonian black waters have been well do- 
cumented and substantiated for several water bodies (SIOLI 1950, 1955, 1968, GESSNER 
1960, KLINGE & OHLE 1965, GEISLER 1967, 1969, MARLIER 1965, 1967, UNGE- 
MACH 1967, WILLIAMS 1968, BRINKMANN & SANTOS 1970a, 1970b, SANTOS, SAN- . 
TOS & BRINKMANN 1971, ANONYMOUS 1972, SCHMIDT 1972, and others). 

There is little information on how far the unfavourable conditions in black water, 
especially in the Amazonas region, affect the phytoplankton. It seems, however, that the 
diversity of the phytoplanktonic forms when considering the total numbers of taxa in indi- 
vidual samples is far greater than could possibly have been predicted before (SCHMIDT & 
UHERKOVICH 1973, UHERKOVICH 1974). The absolute numbers of individuals are, how- 
ever, characteristically very low (comp. SCHMIDT 1970). 

Production measurements carried out by HAMMER (1965) in the Rio Negro and 
MARLIER (1965) in the Lago Rio Preto da Eva, an “estuarine” lake of the same ri- 
ver, helped to characterise more precisely the quantitative phytoplankton development in 


a 


Amazonian black water. Both authors, however, used the oxygen method which is possibly 
rather inaccurate under the prevailing experimental conditions, because oxygen demand in 


black water is considerable due to the high levels of organic (but non-planktonic) material *. 


The number of production determinations made by both the above mentioned authors was 
also so low as to make further generalisations difficult from their data. 

This paper presents the results of an investigation which ran for a full year, and in 
which the sensitive C!4 method was used. A combination of these data with those of HAM- 
MER and MARLIER should give a more comprehensive idea of the primary production of 
Amazonian black water. | 


L 


2. The sampling site 


The investigations were carried out in the Ponta Negra Bay which is on the left bank 
of the Rio Negro about 15 km above the city of Manaus, Federal State of Amazonas 
(SCHMIDT 1973a). The sampling station was 200-300 m from the bank in a water depth 
of 8-10 m. The almost complete absence of current in this part of the river led to stratifi- 
cation of the water body which, in certain weather conditions, was even observed fairly 
early in the morning (see Table 1). 


Table 1: Rio Negro, Ponta Negra bay 
Temperatures in °C 


Date 1.11: 7.12, ITL 142, 203, 155. 66. 177. 918 15,9. 17:10: 2011. 17.12, 


1967 1967 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 
hour 8.30 8.30 8.30 8.30 9.00 8.30 9.00 9.30 8.30 8.00 8.30 9.00 9.00 
depth, m | 
0 30.4 31.6 28.9 28.8 29.0 27.7 27.5 28.1 29.1 29.0 29.2 29.7 29.8 
0.5 Es - - * 20.9 274 27.5 279 29.2 290 3232 dos 298 
1 30.2 31.0 28.9 28.8*28.9 27.4 27.2 27.9 291 28.9 29.1 29.3 29.7 
1.8 - - ~- 28.7 28.8 27.3 27.1 27.8 29.1 28.8 29.0. 29.2 29.7 
2 30.0 30.8 289 - 28.8 27.3 270 278 391 28.8 29.1 29.2 29.7. 
3 30.0 30.8 28.9 28.7 28.8 27.3 27.0 27.7 29.1 28.8 29.0 29.2 297 
4 30.0 30.8 28.9 28.6 
5 30.0 30.8 28.9 
T 29.8 30.7 28.9 *0.75 m 


GEISLER (1969), working on a small tributary of the lower Rio Negro, reported 
that such temperature stratification in the inundated shore forests of Amazonian black wa- 
ter rivers (igapó) is accompanied by considerable oxygen deficits in the deeper water layers. 
Table 2 shows that this is also the case in similar areas of the Rio Negro itself. These results 
were obtained from the igapó forest on the shore almost opposite in the Ponta Negra i.e. 
from the right bank of the river. The shore of the bay where the actual sampling station 
was situated was always a sandy beach, except during the period of maximum water level. 


*(GESSNER 1960, HAMMER 1965, GEISLER 1967, BRINKMANN & SANTOS 1970). 
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Table 2: Stratification of the water body in the inundated forest region (Igapó) of lower 
Rio Negro opposite the Ponta Negra Bay on August 7th, 1969. 
Hour: 12.00 
Secchi transparency: 1.5m 
Air temperature: 28.8 °C. 


Depth, m temperature, °C Oxygen saturation, % 
0 31.7 Fio 
0.5 29.8 62.0 
1 29.1 59.2 
2 28.7 46.7 
3 28.5 37.9 
4 28.4 19.3 
4.2 (bottom) 28.4 17.8 


3. Sampling period and intervals 


Production was determined at approximately monthly intervals between 1.11.1967 
and 17.12.1968, thereby covering a full year with its corresponding vegetation growth peri- 
od. No determination was made in April 1968 because of bad weather and damage to the 


equipment. 


4. Methods 


- Production was determined in situ using the c14 method of STEEMAN NIELSEN (1952). Expo- 
sure was started in'the morning, usually at 10 am, and lasted 24 hours. Dark bottles covered with alumi- 
nium foil were also placed at the minimum and maximum depths of each series. The production values 


given in the text are net values unless otherwise stated. 
The amount of assimilatable carbon in the water was calculated in the usual manner from the va- 


lues for free carbon dioxide and alkalinity, obtained by titration. 
The depth of light penetration (transparency) was measured with a white Secchi disc, 
Chlorophyll A was determined by extraction with ethanol. 
The calibration curve was prepared in the same way using a pure chlorophyll preparation. 
All methods, particularly those relating to production, were fully described and discussed in the 


previous publication in this series (SCHMIDT 1973b), so are not repeated here. 
Many thanks are due to the Administração do Porto de Manaus, who willingly provided the wa- 


ter level figures for the Rio Negro. 


5. Results 


Tables 1 and 3-6 give the values for temperature, pH, alkalinity, electrical conducti- 
vity and free carbon dioxide at all depths on each sampling date. The free carbon dioxide 
concentrations showed the most variation over the year, the other parameters being fairly 
constant. As already mentioned, the water was sometimes thermally stratified as early as 
10 am, when the exposures were started. 
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Table 5: Rio Negro, Ponta Negra bay 


Table 3: Rio Negro, Ponta Negra bay Alkalinity (Säurebindungsvermögen, SBV) in mval/l (meq./l) 


pH 
Date ‘Ill, 712 171.143 20.3. 155. 6.6. 17:7. 918. 189. 1710 20:11 1915 
Date 1.11. 7.12. 17.1. 14.2. 20.3. 15.5. 6.6. 17.7. 21.8. 18.9. 17.10. 20.11. 17.12. IUT IGGT TONE TOC IRA: HORN. neh oeg ised OE Dee lowe 1972 
1967 1967 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 
hour 8.30 8.30 8.30 8.30 9.00 830 9.00 9.30 8.30 8.00 830 9.00 9.00 
hour 8.30 8.30 8.30 8.30 9.00 8.30 9.009.30 8.30 8.00 8.30 9.00 9.00 
depth, m 
depth, m 
r ra er ; O 0.13 0.08 0.08 0.08 0.08 0.02 0.03 0.02 0.02 0.03 0.03 0.02 0.03 
0 53 52 5.4 5.0 z ie = a a zZ a + + 1 a A e - 0.08 0.03 0.03 0.02 0.02 0.03 0.03 0.02 0.03 
O a Ea hae ee PU ee eee Pe qd 1 0.13 0.10 0.07 0.08* 0.08 0.03 0.03 0.02 0.02 0.03 0.03 0.02. 0.03 
l 53 52 54 5.0* 50 48 49 49 49 5. mi is - : - 0.08 0.08 0.03 0.03 0.01 0.02 0.03 0.03 0.02 0.03 
1.2 = = = MO SM AB 459 49 49 Sd Sd 50 52 2 0.13 010 0.05 - 0.08 0.03 0.03 0.01 0.02 0.03 0.03 0.02 0.03 
2 dd 52 34 - 50 48 5.0 49 50 51 51 50 5.2 3 0.13 0.07 0.05 0.08 0.08 0.08 0.03 0.01 0.02 0.03 0.03 0.02 003 
3 $4 52 SA 50 80 48 50 49 50 Si S54 Ed 53 x > NO das one Bae 
4 Sy 33 SA as) qo a ent: 
5 5.3 5.2 5.4 7 010 0.08 0.05 *0.75 m 
7 53 52 54 *0.75 m 


Table 6: Rio Negro, Ponta Negra bay 
Table 4: Rio Negro, Ponta Negra bay | Free carbon dioxide in mg/l 


Electric conductivity in micromho/cm (uS,,/cm) 
Date 141. Tel. Eile 342.203: 1333. 66 17.7. 218. 188% 19.40. 2011, 173, 


Date Lil; 742. 12.1. 14,2. 203: 158: 6.6; 17.7. 21.8. 189. 17.10. 2011. 171% 1967 1967 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 
1967 1967 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 1968 hour 830 8.30 8.30 8.30 9.00 8.30 9.00 9.30 8.30 8.00 8.30 9.00 9.00 
hour 8.30 8.30 8.30 8.30 9.00 8.30 9.00 9.30 8.30 8.00 8.30 9.00 9.00 depth, m 
depth, m i 0 4.1 28 24 35 31 78 93 15 64 3.8 5.0 3.1 3,2 
0 JA 89 T2 84 Td 95 BA 12 Ti 79 18 6.8 8.2 0.5 - - - - of 20) 100 «Lis —. 66 §8 Sel 3.2 Jeb 
0.5 5 - " “ Ta BO B6-- Ba. pla Bd 72 6.4 2.1 T. 34 a8 Be Bd 2) 102.100 118 66. BA 5.1 R Ea 
1 Do, UY TO LOTS 88 86 62.77 BB . 75 6.7 Ted Ld = © & - oe Sd JM 200 120 GT Bd 5.0 3.4 3,2 
1.3 - - - 19: EB 88,67. 82. GI. &2 . 75 6.7 se 2 24 39 3,0, = 29 IO ALE. Se Bi Duo 34: 33 
2 so 80 TO a La BB 87 80. 16 81, 74 6.7 1.1 3 3.1 da Ge I 38. 96 OCF iS. 85: 3.3 3.6 3.2 
3 Br N ERBE RO SA rs 77 4 28. dA BOA: 
4 86 79 70 79 5 29 . 414 34 
5 85 7.8 70 7 AO 44° Bo *0.75 m 
7 18 716 68 *0:75 m 
Planctonic primary production was usually zero at a depth less than twice the depth 
Fig. 1 shows the vertical pattern of net primary productivity of the phytoplankton of light penetration. This indicates that the light climate in the water body is unfavour- 
on each sampling day. The important features are as follows: able for phytoplankton as a result of selective light extinction caused by dissolved 
(a) The absolute values for primary productivity are, except in November and December humic substances, as well as of the general turbidity expressed in the low Secchi 
1967, extremely low. The production densities (production per unit volume) in the transparency values. 
optimal depth zone varied between 0,181 and 0,0122 gC/m?/d, therefore showing In Fig. 2 the values for maximum production density and area production (production 
considerable fluctuation within the year of sampling. per unit area) are compared with the chlorophyll content per unit volume at the depth of 
(b) The general shape of the curves is similar, i.e. the maximum production density was maximum production density and chlorophyll content per square meter of the trophogenic 
always directly under the water surface (depth of surface exposure: about 5 cm), zone, and with the water level of the river during the investigation. period. Unfortunately, 
and values decreased sharply in the underlying water layers. the chlorophyll concentrations are lacking for the first month. 
(c) Although the maximum production density was clearly higher in the first two months The period of investigation started in November 1967 shortly after the water level 
of sampling than for the rest of the time, the depth of the trophogenic zone was sur- of the Rio Negro had reached its annual minimum. As shown in Fig. 2, planktonic primary 
prisingly constant at 2m. _ production at this time was highest for the year; production then decreased with increa- 
(d) The Secchi transparency was low throughout the year, varying between 1 and 1,5 m. sing water depth. The December figures show that the chlorophyll content as well as possib- 
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1.11.67 712.67 
0,181 gC/m2 0,173 gC/m? 


17168 - 14.2.68 20.3.68 


0,082 gC/m? 0,0845 gC/m? 0,0837 gC/m? 


6.6.68 17.768 18.9.68 17.12.68 
0,0156 gC/m? 0,0173 gC/m2 0,0112 9C/m? 0,0651 gC/m?2 0,0403 gC/m2 0,0256 9C/m? 0,0196 gC/m2 





Fig. 1: Rio Negro, Ponta Negra bay. . 
Vertical pattern of net primary productivity of phytoplankton during the 24 hour 
exposure of the monthly investigations from November, 1967 to December, 1968. 


ly the population density of the phytoplankton, reached a maximum at low water level. 
Primary production and chlorophyll content dropped continuously thereafter, finally 
reaching minimum levels at maximum water depth. When the water level decreased again, 
the values did not reach the maximum levels of the last months of 1967. Since the water 
level was considerably higher in November and December 1968 than in the same period of 
"1967 (Fig. 2), these two factors are probably related. This point is dealt with more fully 
in the discussion. | i 

The dark fixation of C14 varied in samples exposed at the water surface between 
0,0011 and 0,0088 g C/m?/d i.e. between 2,7 and 11,8 % of the net productivity at the 
same water layer (Fig. 3). The meari values were 0,0038 g C/m?/d and 5,6 % respectively. 
Fig. 3 also shows that dark fixation comprised a conspicuously higher percentage during 
the time of lowest net production density i.e. in the high water period, than at any other 
time. 

Gross productivity was determined indirectly. According to the method recommended 
by STEEMAN NIELSEN & JENSEN (1957), agood approximation can be obtained by 
summing, for all depths of the trophic zone, 10 % of the value for maximum production 
density. Gross planktonic primary productivity for this series is then 0,030-0,434 g C/m?/d 
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Fig. 2: Rio Negro, Ponta Negra bay. 
Net primary productivity of phytoplankton per unit volume at optimum depth (gC/ 
m>/d, black points), and per unit area (gC/m2/d, white circles, broken line) com- 
pared with the chlorophyll A content per unit volume at depth-of maximum produc- 
tivity (mg Chlor. A/m?, black columns), with the chlorophyli A content per unit area 
of the trophogenic zone (mg Chlor. A/m?, white columns), and with the height of 
river gauge during the investigation period. 


i.e. on average about twice as much as net production. 

The mean net area production for the year was 0,063 g C/m2/d. The Rio Negro with 
its tropical climate has an uninterrupted vegetation growth period, so a figure for annual 
productivity can be obtained by multiplying this figure by 365, giving a value for this par- 
ticular year of 230 kg C/ha. 


6. Discussion 


As shown in Fig. 2, the curve of planktonic primary production declined markedly 
over the year without returning to its original level in the last months of 1968. Assuming 
that this is an actual trend, the reason for it must be established. In investigations of the 
primary productivity of phytoplankton in the värzea lake Lago do Castanho (also near Ma- 
naus) it was found that the daily fluctuations in production were relatively insignificant, 
so that results obtained from taking monthly samples should be representative for the sea- 
son (SCHMIDT 1973b). Time did not permit a similar investigation in the lower Rio Ne- 
gro; however, the climatic conditions at the two sites are comparable as they are not far 
apart. It is therefore assumed that the production levels established at monthly intervals 
on the lower Rio Negro are typical for the sampling site. 
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Fig. 3: Rio Negro, Ponta Negra bay. 
Dark fixation of C14 during the exposures (black triangles), and the percentage of 
dark fixation in relation'to net productivity at water surface (white triangles) com- 
pared with net productivity per unit volume at the same depth (black points, dark 
field). | 


Optical conditions are probably not responsible, since as shown by the Secchi trans- 
parency readings in Fig. 1, the degree of water turbidity was relatively constant throughout 
the sampling period. The Pt values of UNGEMACH (ANONYMOUS 1972) show that this 
is also true of the water colour. 

In contrast, it seems.that changes in water level (Fig. 2) affect the curve. The level of 
the river in November and December 1968 was 5 m.higher than in the same period of 1967; 
this was because the river did not recede as usual in the latter half of 1968. This difference >` 
had far-reaching consequences for the whole ecosystem and for planktonic primary pro- 
ductivity (SCHMIDT 1973b) in the Lago do Castanho which is subjected to approximately 
the same water level fluctuations. Probably the main factors controlling planktonic prima- 
ry production in the lower Rio Negro are likewise dependant on the water level changes 
and therefore on the precipitation. This applies especially to the nutrient supply. As BRAUN 
(1952) realised, the plant nutrients made available by remineralisation in the dry shore re- 
gion during low water and which are washed out into the water body at the start of the 
rains, play a role which should not be neglected in view of the very low nutrient content 
of most Amazonian waters. He called this the “shore factor”. The so-called “dilution fac- 
tor”, a result of heavy rainfall, counteracts this. Since in 1968 there was practically no low 
water period in Manaus and the rainfall was also heavy in the usually dry period, it is assumed, 
that there was no accumulation of remineralised plant nutrients, or that any such accumu- 
lation became rapidly diluted. Because of this, the production figures decreased instead of 
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increasing as excepted in September. 

Analysis of Rio Negro water samples in the years 1965-67 by UNGEMACH suggest 
that during the low water period there is a slight but detectable increase in the concen- 
trations of some plant nutrients, especially nitrate and phosphorus (ANONYMOUS 1972). 
This was obviously not the case in 1968, but unfortunately no figures are available for this 
year. 

The results of this study are probably not applicable to all Amazonian black water 
bodies. However, since the physico-chemical properties of black waters are comparable in 
most respects (see references in the introduction) the levels of primary productivity estab- 
lished here can be viewed as representative. Also significant with regard to broader applica- 
tion of the results obtained is the fact that the Rio Negro is the largest and most character- 
istic black water body. 

HAMMER (1965) working in the weakly flowing part of the Rio Negro opposite the 
banks of the Ponta Negra obtained area production figures of 79 and 131 mg C/m2/d in two 
series; these values agree well with those presented in this paper. The same is true of prima- 
ry production figures obtained by MARLIER (1965) from the Lago Rio Preto da Eva. 

The results of both HAMMER and myself show that the production density was always ma- 
ximum in the water layer directly beneath the surface, then decreased rapidly with increasing 
water depth; the data of MARLIER, however, show that the production maximum in some 
cases was found somewhat deeper. 

The influence of low nutrient concentrations on productivity in black water was in- 
vestigated in some fertilization experiments, and it was shown that production in Rio Ne- 
gro water samples increased considerably with increasing nutrient concentration. These ex- 
periments indicate that the production capacity of the phytoplankton population present 
in the water body (comp. Fig. 2 and SCHMIDT 1970) can not nearly be fully utilised with 
such naturally low nutrient concentrations. The fertilization experiments will be reported 
in another paper (SCHMIDT in preparation). 

In summary, the following general characteristics of primary productivity of the phy- 
toplankton on the basis of the results presented here can be mentioned: 

The absolute value for primary production (production density as well as area produc- 
tion) is very low. These two aspects of the productivity exhibit considerable seasonal fluc- 
tuations which seem to be primarily a result of the indirect consequences of water level fluc- 
tuations. The depth of the trophogenic zone remains fairly constant throughout the year. 
With respect to both nutrients and light, conditions for planktonic primary production are 
extremely unfavourable, the nutrient content of the water being the main limiting factor. 


7. Summary 


' Planktonic primary production was measured at monthly intervals between 1.11.1967 and 17.12. 
1968 in a bay of the lower Rio Negro, using the c14 method, 

The net production per unit volume varied between 0,0191 and 0,2664 g C/m3/d and per surface 
area between 0,0112 and 0,181 g C/m2/d. The chlorophyll A content varied in the optimal depth zone 
between -1 and 15 mg/ m>, and between 3 and 40 mg/m2 per unit area of the trophogenic zone. 

The depth of the trophogenic zone was relatively constant throughout the year at 2 m. 

The gross production was determined as being approximately 0,03 to 0,43 g C/m2/d, and there- 
fore on average about twice as great as the corresponding net production. 
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The dark fixation of carbon dioxide also fluctuated considerably, the values varying between 
0,0011 and 0,0088 g C/m?/d. This corresponded to 2,7 and 11,8 % respectively (mean 5,6 %) of the 
net production. | 

Since the sampling area has a tropical climate there is no interruption in the vegetation growth 
period for the phytoplankton in the course of a year, so the annual productivity could be calculated by 
multiplying the mean daily value (0,063 g C/ m3/d) by 365. With this conversion factor the value ob- 
tained is relatively high (230 kg C/ha/year), in view of the unfavourable nutrient and light conditions. 

The extremely poor nutrient supply and the unfavourable light conditions in the black water of 
the lower Rio Negro must be considered as responsible for the characteristically low primary producti- 
vity here. These factors have been mentioned by various authors. 

The fluctuations in the level of primary productivity and the characteristic inverse relationship 
between it and water level is a result of seasonality. There are several indications that the nutrient supply 
is better during the low water period, although much work can still be done in this field. These points 
are dealt with in detail in the discussion. 

The nutrient factor is, as far as can be seen from these results, the most important factor limiting 
primary production of phytoplankton in the black water of the lower Rio Negro. 


8. Resumo 


Na época entre 1.11.67 e 17.12.68 foi analisada a produção primária do fitoplancton em uma baia 
do Rio Negro inferior através do método C-14 em espaços mensais. | 

A produção liquida por unidade de volume situou-se entre 0,0191 e 0,2664 g C/m3/d e por uni- 
dade de superfície entre 0,0112 e 0,181 g C/m2/d. O teor de clorofila A variou na zona de profundidade 
ótima entre 1 e 15 mg/m”. As concentrações de clorofila A variaram entre 3 e 40 mg/m? por unidade 
de superficie da zona trofogênica. : 

Contrariamente, a espessura da zona trofogênica manteve-se relativamente constante ao redor de 
2 m durante todo o ano. j 

A produção bruta foi avaliada a grosso modo com válores entre 0,03 e 0,43 g C/m2/d. Com isso 
atingia em média val6res cerca de 100 % superiores aos da produção liqiiida correspondente. 

Variações significantes também foram observadas na fixação escura do C-14. Ela flutuava entre 
0,0011 e 0,0088 g C/m3/d. Isto correspondeu a 2,7 - 11,8 % resp. em média a 5,6 % da produção ligiiida. 

Como não ocorre interrupção do período vegetativo durante o ano para o fitoplancton na área de 
investigação devido ao clima puramente tropical, pode ser calculada a ordem de grandeza da produtivi- 
dade anual através da multiplicação do valor diário médio (0,063 g C/m3/d) com 365. Através dêste alto 
fator de cálculo atingiu-se o resultado relativamente alto de 230 kg C/ha/a para o ano atual, face às con- 
dições de nutrientes e de luz desfavoráveis. 

Como causas para as cifras de produção primária muito baixas do Rio Negro inferior devem ser 
mencionadas a oferta de nutrientes extremamente baixa e as condições de luz desfavoráveis na água pre- 
ta, que são conhecidas porém neste intermédio através de numerosas publicações de diversos autores. 

As variações da produtividade primária do fitoplâncton encontradas, que podem ser caracterizadas 
por uma proporcionalidade inversa entre nivel d'água e produtividade, podem ser relacionadas com as 
épocas do ano. Apesar de, neste contexto, ainda ficarem abertas importantes investigações, há diversos 
indícios de que o suprimento de nutrientes é um pouco melhor na época da água baixa. Na discussão 
esta questão é tratada mais profundamente.. 

O fator nutriente é o fator mais limitante da produção primária do fitoplâncton na água preta do 
Rio Negro inferior, pelo menos no que as investigações permitem reconhecer. 

(Tradução de Reimar Schaden, M.Sc.) 
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